ABSTRACT miRNA-mediated repression affects a wide range of biological processes including development and human pathologies. The GW182 protein is a key component of miRNA repression complex, recruited by Argonaute and functioning downstream to repress translation and accelerate mRNA degradation, but little is known about how GW182 proteins act. Using both tethered function and complementation assays, we identify three independent domains of the Drosophila GW182 protein (also termed Gawky) that are sufficient to repress mRNA. Each of these domains also functions independently of poly(A) tails. These results indicate that miRNA-mediated repression is facilitated by multiple domains of GW182.
INTRODUCTION
miRNAs are short noncoding RNAs that function in many eukaryotes, regulating multiple biological processes, including cell growth, division and differentiation, genome integrity, and defense against pathogens (for review, see Bushati and Cohen 2007) . The prediction that more than one-third of human genes are regulated by miRNAs argues for the crucial role of miRNAs in gene expression (Lewis et al. 2005) . However, the mechanisms by which miRNAs control gene expression are not well understood (for review, see Valencia-Sanchez et al. 2006; Du and Zamore 2007; Nilsen 2007; Eulalio et al. 2008a; Filipowicz et al. 2008; Wu and Belasco 2008) . To exert their repressive function, miRNAs associate with Argonaute (Ago) proteins to assemble the RNA-induced silencing complex (RISC) and guide it to the mRNA targets by base complementarity. Most animal miRNAs show only partial complementarity to their target mRNAs and direct either repression of mRNA translation and/or accelerated target mRNA deadenylation.
miRNAs have been proposed to act in a variety of manners to repress mRNA translation. For example, miRNAs have been suggested to promote translation termination, interfere with the growing peptide, or block elongation (Olsen and Ambros 1999; Seggerson et al. 2002; Maroney et al. 2006; Nottrott et al. 2006 ; Petersen et al. 2006; Lytle et al. 2007) . Other experiments indicate that miRNAs block translation initiation, possibly by interfering with either 7-methyl-guanosine cap function or the joining of ribosomal subunits (Humphreys et al. 2005; Pillai et al. 2005; Chendrimada et al. 2007; Kiriakidou et al. 2007; Mathonnet et al. 2007; Thermann and Hentze 2007; Wang et al. 2008) .
One possible explanation of these diverse results is that miRNAs regulate translation via multiple mechanisms. Importantly, components of RISC-Ago proteins, miRNAs, and their target mRNAs-localize to so-called P-bodies, cytoplasmic foci containing untranslated mRNAs and mRNA degradation enzymes (Ding et al. 2005; Jakymiw et al. 2005; Liu et al. 2005a, b; Pillai et al. 2005; Sen and Blau 2005) . Moreover, GW182 and some other P-body components play a crucial role in the miRNA pathway (Eystathioy et al. 2003; Bagga et al. 2005; Ding et al. 2005; Liu et al. 2005a; Meister et al. 2005; Rehwinkel et al. 2005; BehmAnsmant et al. 2006; Eulalio et al. 2007; Li et al. 2008; Ding and Grosshans 2009) . Drosophila GW182 (dGW182) is recruited to the miRNA repression complex via direct association with Ago1, and point mutations disrupting Ago1-dGW182 interaction abrogate repression by Ago1 (Eulalio et al. 2008b ). In addition, tethering of dGW182 to an mRNA represses translation even in the absence of Ago1 (Behm-Ansmant et al. 2006) . These results clearly demonstrate that dGW182 is a key player in the miRNA repression complex functioning downstream from Ago1. Thus, an important goal will be to understand the mechanism of dGW182 function.
Here we dissect the role of dGW182 protein in miRNAmediated repression using both tethering of dGW182 deletion mutants to an mRNA reporter and complementation assay in Drosophila cultured cells. We identify three independent functional domains within dGW182 that are sufficient for mRNA repression and function independently of the mRNA poly(A) tail and endogenous dGW182 and Ago1 proteins. Existence of multiple repression mechanisms mediated by different domains of dGW182 protein might reconcile apparently contradictory models of miRNA-mediated repression reported in the current literature.
RESULTS
Three regions within dGW182 are sufficient to repress tethered mRNA Proteins of the GW182 family are characterized by several blocks of glycine-tryptophan repeats (GW repeats), an ubiquitin-associated (UBA) domain, a glutamine-rich (Qrich) region, and an RNA recognition motif (RRM) ( Fig.  1A ; Eystathioy et al. 2002; Behm-Ansmant et al. 2006 ; for review, see Ding and Han 2007) . Previous work has shown that the N-terminal GW-repeats can bind the Argonaute protein, and the N-terminal portion of the protein including the GW-repeats, the UBA domain and the Q-rich region was reported to target dGW182 to P-bodies (BehmAnsmant et al. 2006; Till et al. 2007 ). However, the domains within the GW182 proteins that function in mRNA repression are not known.
To identify the domains of dGW182 that function in mRNA repression, we generated a series of Drosophila GW182 deletion mutants (Fig. 1A ) and analyzed their effects on translation in transfected S2 cells using an RNA-protein tethering assay. Tethering was achieved by coexpressing firefly luciferase mRNA containing five boxB sites in its 39-UTR (designated as FLuc-boxB) and dGW182 deletion mutants fused with HA-tag and lN peptide, which specifically recognizes the boxB hairpins (Gehring et al. 2003; Pillai et al. 2004; Rehwinkel et al. 2005) . A plasmid encoding for Renilla luciferase without boxB sites was coexpressed as a transfection control. As negative controls that are not expected to repress FLuc-boxB mRNA, we used lN peptide fused to HA-tag alone (NHA) or along with b-galactosidase-coding sequence (NHA-lacZ). We also tethered to the reporter message mutant Argonaute 1 protein that fails to recruit dGW182 (Ago1 2F2V) (Eulalio et al. 2008b) . Figure 1C shows the effects of tethering on FLuc-boxB expression: firefly luciferase (FLuc) activity detected in the presence of negative control NHA-lacZ was taken for 100%, and the rest was expressed accordingly. As expected, NHA-dGW182 effectively represses FLucboxB expression (to 10%), while none of the negative controls is able to repress when tethered to the reporter message. In addition, transfection of HA-dGW182 lacking lN peptide did not lead to repression, demonstrating that repression is a result of tethering. We then analyzed the effects of deleting different regions of dGW182 on firefly luciferase expression. FIGURE 1. Three separate domains of Drosophila GW182 are sufficient to repress tethered mRNA. (A) Schematic representation of Drosophila GW182 protein and generated dGW182 deletion mutants. The numbers correspond to the amino acid positions. (B) Schematic representation of reporter constructs: FLuc-boxB contains firefly luciferase coding sequence and 39-UTR with five boxB sites specifically binding to lN peptide; RLuc contains Renilla luciferase coding sequence and no boxB sites (Rehwinkel et al. 2005) . (C) Repression of FLuc-boxB mRNA by NHA-dGW182 and its deletion mutants. Drosophila S2 cells were co-transfected with plasmids encoding for FLuc-boxB, RLuc, and full-length NHA-dGW182 or one of the NHA-dGW182 deletion mutants depicted in A. As negative controls, either NHA alone, NHA fused to b-galactosidase (NHA-lacZ), or mutant NHA-Ago1 F594VF629V (designated as 2F2V) not able to recruit dGW182, or HA-dGW182 without lN peptide was transfected instead of NHA-dGW182 or NHA-dGW182 deletions. The analysis of dGW182 deletions made two important points. First, no single part of the dGW182 protein was required for repression (Fig. 1C) . This demonstrates that dGW182 contains multiple domains able to repress gene expression. Second, we identified three independent domains within dGW182 protein that are sufficient for repression. The first sufficiency domain is the N-terminal portion of the protein, comprising amino acids 1-605 (1-605 fragment): it reduces firefly luciferase activity to 15%. At the same time, its function in dGW182-mediated repression must be redundant, as deletion of the Nterminal part does not significantly reduce the repressive effect of dGW182 (Fig. 1C, cf. repression by full-length protein with that of 205-1384, 325-1384, 490-1384, and 605-1384 fragments) . A second domain sufficient for repression is a Q-rich region in the middle of the protein (605-830 fragment), which down-regulates FLuc-boxB expression to 19%. The third domain sufficient for repression is the C-terminal portion of the protein, comprising amino acids 940-1215 and including an RRM domain and a short conserved region upstream, which we called a domain of unknown function (DUF). The integrity of this DUF-RRM region is required to achieve efficient repression (21% FLuc activity) as neither of the domains (DUF or RRM) when tethered alone shows a strong repressive effect (Fig. 1C , cf. the effects of the 940-1215 fragment and that of the 940-1090 and 1090-1215 fragments). Further extension of the 940-1215 fragment to the C terminus or up to the Q-rich region at the N terminus (Fig. 1C , fragments including amino acids 830-1215 and 940-1384) has only a minor effect on activity of the tethered message.
Expression levels of different NHA-dGW182 deletion mutants were estimated by Western blotting (Fig. 1D ). This analysis demonstrates that the observed repressive effects cannot be attributed to the differences in expression levels, as the most efficient repressors are actually least abundant (Fig. 1C, full-length dGW182, 1-605, 205-1384 , 325-1384 . Moreover, we observed that although the 1-605, 605-830, and 940-1215 regions of dGW182 could all repress mRNA to a similar extent, the 940-1215 fragment was more efficiently expressed (Fig. 1D ). This suggests that the 1-605 and 605-830 regions of dGW182 are stronger repression domains. We also tested how increasing amounts of dGW182 repressive domains affect the activity of tethered reporter (Supplemental Fig. 1 ). Again, we observed that the repression of protein expression was stronger for the 1-605 and 605-830 regions than the 940-1215. In addition, we observed that different domains reach their maximum repressive effects at different concentrations, suggesting that domains may have different affinities to their downstream targets. This experiment also demonstrates that repression can be saturated and that at the plasmid concentration used in our deletion analysis, the dGW182 effector domains exert maximal repressive properties, and a further increase of expression levels has no additional repressive effect.
The above results identify three regions of the dGW182 protein that can repress mRNA, suggesting that each of these domains can act independently and that the observed repressive effects of the full-length protein represent a combinatorial effect of these different sufficiency regions. Consistent with that view, we observed that tethered constructs that contained both the Q-rich and RRM domains (fragment including amino acids 605-1215) had an additive effect and repressed the tethered message as well as the full-length dGW182 protein.
All three dGW182 sufficiency domains increase mRNA degradation, but also repress translation miRNAs are known to repress mRNA through both increasing mRNA degradation and repressing translation. Previous work has shown that when tethered to mRNAs, dGW182 stimulates deadenylation and mRNA degradation as well as brings about translational repression (BehmAnsmant et al. 2006 ). To determine whether the different repressive regions of dGW182 would be selective for one of the pathways, i.e., affect mRNA degradation or just primarily protein production, we examined the levels of the reporter mRNA when different repressive domains were tethered to the mRNA. We observed that the full-length dGW182 protein and all three domains sufficient for repression increase degradation of the reporter mRNA approximately two-to threefold (Fig. 2 , lanes 1-6). Degradation is due to tethering, as FLuc reporter without boxB sites is not affected by NHA-dGW182 (Fig. 2 , lanes FIGURE 2. Drosophila GW182 and its effector domains decrease stability of tethered mRNA. Northern blotting was used to estimate the levels of firefly and Renilla luciferase mRNAs from the experiment described in Figure 1 . mRNA levels were quantified by PhosphorImaging, and amounts of FLuc-boxB were normalized according to Renilla control and expressed as a percentage of FLuc-boxB level in the presence of NHA-lacZ protein (numbers below the figure represent an average of two experiments). (Lanes 1-6) FLuc-boxB and RLuc RNA levels in the presence of tethered NHA-lacZ, NHAdGW182, and dGW182 fragments: NHA-1-605, NHA-605-830, NHA-940-1215, and NHA-605-1215, accordingly. (Lanes 7,8) To demonstrate that degradation is the effect of tethering, lanes 7 and 8 show untethered FLuc and RLuc in the presence of either (lane 7) NHAlacZ or (lane 8) NHA-dGW182. The last lane contains total RNA from untransfected S2 cells (no target control).
7,8).
These results indicate that each of the three domains is able to promote mRNA degradation.
These experiments provide additional evidence that dGW182 also represses protein production, independent of its effect on mRNA stability. Specifically, we observed that the reduction in mRNA levels by tethered either fulllength dGW182 or its separate domains was less than the reduction in protein levels (Fig. 1C ). These observations indicate that all three sufficiency domains both decreased mRNA stability and repressed protein production.
All three dGW182 sufficiency domains repress mRNA independently of poly(A) tails miRNAs and GW182 have been shown to be able to promote deadenylation, which suggests two possible models for dGW182 function. First, it could be that one or more of the dGW182 domains are sufficient to promote deadenylation of the mRNA body. Alternatively, it could be that each domain can repress mRNA function independently of any effect on the poly(A) tail. To distinguish between these possibilities, we generated a reporter plasmid lacking a polyadenylation site and producing mRNA with the 39-end of histone H1, which lacks a poly(A) tail and contains a specific stem-loop structure (the construct is designated as FLuc-boxB-HSL). As expected, a reporter having neither a poly(A) tail nor a histone stem-loop is not efficient in protein production; its activity is z10 4 -fold lower than that of its polyadenylated counterpart (data not shown). However, addition of the histone stem-loop structure stimulates the reporter translation, so that activity of FLuc-boxB-HSL mRNA is comparable to that of polyadenylated FLuc-boxB. We then examined the effects of the different repressive domains of dGW182 on activity of FLuc-boxB-HSL mRNA.
Strikingly, we observed that tethering of the full-length dGW182 and all three different effector domains represses the FLuc-boxB-HSL mRNA almost as efficiently as the polyadenylated FLuc-boxB mRNA (Fig. 3) . This demonstrates that all three dGW182 domains are able to repress mRNA independently of the poly(A) tail. This result is in line with the previous data showing that nonpolyadenylated mRNAs bearing a 39 histone stem-loop are repressed by miRNAs and tethered dGW182 similarly to their polyadenylated counterparts (Wu et al. 2006; Eulalio et al. 2008b Eulalio et al. , 2009 ). We conclude that dGW182 and its individual sufficiency domains can repress mRNA translation directly, independent of a role in deadenylation.
All three dGW182 sufficiency domains appear to repress mRNA independently of the endogenous dGW182 and Ago1
The ability of three distinct domains of dGW182 to repress mRNA function was surprising and suggested two possible models. In one view, each domain is sufficient for interacting, either directly or through additional intermediate proteins, with some target in the translation and/or decay machinery to commit the mRNA to a repressed state. Alternatively, given the known interactions between GW182 and Argonaute proteins, it could be that tethering different domains allows the recruitment of endogenous Argonaute or dGW182 proteins and then that commits the mRNA to repression. This is particularly relevant for the N-terminal domain of dGW182, which has been shown to interact with Ago1 (Behm-Ansmant et al. 2006) , and the Q-rich domain, which has been hypothesized to be a self-interaction domain (Decker et al. 2007) . To examine if any of the dGW182 sufficiency domains is repressing mRNA function by recruitment of the endogenous dGW182 or Ago1, we depleted endogenous proteins with gene-specific dsRNA (Worby et al. 2001 ) and asked if the sufficiency domains could still repress in the absence of endogenous Ago1 or dGW182 (Fig. 4) .
Efficiency of endogenous dGW182 and Ago1 knockdowns was confirmed by Western blotting analysis (Fig.  4A) . To additionally verify that we were able to functionally deplete endogenous dGW182 and Ago1, we transfected cells with a miRNA reporter construct, containing the firefly luciferase coding sequence fused to the nerfin 39-UTR, which includes target sites for miRNA-9b (designated as FLuc-nerfin) (Stark et al. 2005; Behm-Ansmant et al. 2006) . In untreated cells or cells treated with control GFPspecific dsRNA, coexpression of miRNA-9b leads to 10-fold down-regulation of FLuc-nerfin reporter (Fig. 4) . Addition of Ago1-specific dsRNA (black bars) almost fully abrogates miRNA-mediated repression, and treatment with dGW182-specific dsRNA (striped bars) alleviates repression FIGURE 3. Repression mediated by dGW182 and its sufficiency domains is independent of poly(A) tail. Drosophila S2 cells were transfected with a boxB-containing firefly luciferase reporter, either (open bars) FLuc-boxB or (black bars) FLuc-boxB-HSL. Unlike FLucboxB, FLuc-boxB-HSL lacks polyadenylation signal and bears histone H1 stem-loop structure in its 39-UTR. Together with a firefly luciferase reporter, RLuc as a normalization control and one of the NHA-fusion proteins (NHA-dGW182, or NHA-dGW182 deletion mutant, or NHA-lacZ as a negative control) were co-transfected. For the rest, the assay was performed as described in Figure 1 . from 10-fold to approximately twofold. A similar partial effect of dGW182 knockdown on a FLuc-nerfin reporter was observed by Behm-Ansmant et al. (2006) , despite the fact that their Western blotting analysis showed efficient depletion of dGW182. Although we cannot exclude that remaining twofold repression by miRNA-9b is due to residual dGW182, another possibility is that Ago1 may repress FLuc-nerfin via an alternative dGW182-independent mechanism.
We observed that tethering of the three dGW182 sufficiency domains in cells depleted of endogenous Ago1 or dGW182 resulted in repression comparable to that in the absence of dsRNA or in the presence of control GFP-specific dsRNA (Fig. 4) . This experiment indicates that all three dGW182 sufficiency domains appear to repress tethered mRNA independently of endogenous dGW182 and Ago1. dGW182 effector domains are able to rescue knockdown of endogenous dGW182
The results of our tethering analysis, and previous work on the dGW182-Argonaute interactions, lead to a model wherein dGW182 is recruited to mRNAs through the N-terminusmediated interaction with Argonaute proteins and then represses translation through three different effector domains. This model predicts that the N-terminal domain of dGW182 (1-605) should be sufficient to function in actual miRNA silencing, and that the inclusion of additional repressive domains such as the 605-830 domain should increase the effectiveness of dGW182 repression. To test these predictions, we analyzed if overexpression of dGW182 deletions is able to rescue the knockdown of endogenous dGW182 in Drosophila S2 cells (Fig. 5) . Note that since dGW182 is recruited to the miRNA repression complex via interaction with Ago1, in these rescue experiments we could only test N-terminal portions of dGW182 that include the N-terminal GW-repeats and are able to bind Ago1. Endogenous dGW182 was FIGURE 4. Repression mediated by dGW182 and its sufficiency domains appears to be independent of endogenous dGW182 and Argonaute 1. (A) S2 cells were treated with dsRNAs indicated above the lanes (dGW182, Ago1, or GFP as a negative control), and efficiencies of endogenous dGW182 and Ago1 depletions were analyzed by Western blotting with antibodies shown on the left. Expression of tubulin was estimated as a loading control. (B) dGW182 and its effector domains were transfected in S2 cells depleted of endogenous dGW182 or Ago1 and, as negative controls, in GFPdsRNA-treated or untreated cells. Transfections were largely performed and analyzed as in Figure 1 . In tethering experiments, firefly luciferase activity was expressed as a percentage of that in the presence of NHAlacZ, for each RNAi depletion. To additionally control for efficient depletion of endogenous Ago1 and dGW182, firefly luciferase reporter containing miRNA-9b target sites (FLuc-nerfin) (Behm-Ansmant et al. 2006) was co-transfected with either miRNA-9b-encoding plasmid or the empty vector. As in all transfection experiments, RLuc was coexpressed as a transfection control. Firefly luciferase activity was normalized to that of Renilla luciferase and presented as a percentage of FLucnerfin expression in the presence of the empty vector.
FIGURE 5. Overexpression of dGW182 and its N-terminal fragments rescues RNAi knockdown of endogenous dGW182. (Black bars)
Endogenous dGW182 was depleted in Drosophila S2 cells with dsRNA as described in Figure 4 ; (open bars) a batch of cells was treated with GFP-specific dsRNA, as a negative control. Cells were transfected with firefly luciferase reporter containing miRNA-9b target sites (FLucnerfin) and with either miRNA-9b-encoding plasmid or the empty vector. As in all transfection experiments, RLuc was coexpressed as a transfection control; expression levels of firefly luciferase were normalized to Renilla luciferase activity and expressed as a percentage of the firefly luciferase activity in the presence of the empty vector. To rescue the knockdown of endogenous dGW182, increasing amounts (from 0 to 100 ng per well, in a 96-well plate) of plasmids encoding NHA-dGW182 or its deletion mutants were co-transfected: 1-605 construct, encoding N-terminal GW-repeats, and 1-830 construct, encoding GW-repeats together with the Q-rich region. Expression of NHA-dGW182 and its deletions was estimated by Western blotting with anti-HA antibody; the squared bands correspond to the minimal expression levels sufficient to rescue miRNA-9b-mediated repression to the level observed in GFP dsRNA-treated cells. Increasing amounts of NHA-lacZ were co-transfected for a negative control. To test the dependence of rescue on the N-terminal region of dGW182 required for dGW182-Ago1 interaction, we also co-transfected increasing amounts of NHA-605-830 and NHA-940-1215 plasmids encoding for Q-rich and DUF-RRM regions, accordingly (30 and 100 ng/well).
depleted by treating cells with dsRNA, and, for a negative control, a batch of cells was treated with GFP-specific dsRNA. In this experiment, we made use of FLuc-nerfin miRNA reporter construct, containing target sites for miRNA-9b. As discussed earlier, coexpression of miRNA-9b efficiently represses FLuc-nerfin mRNA in control cells (Fig. 5 , first two open bars, cf. empty vector and miRNA-9b), while RNAi depletion of dGW182 partially alleviates miRNA-9b-mediated repression (Fig. 5, black bars, cf. empty vector and miRNA-9b). We then analyzed how expression of dGW182 and its deletions were able to complement the deficiency of the endogenous dGW182 protein.
Importantly, transfection of increasing amounts of dGW182 N-terminal fragments (Fig. 5, 1-605, 1-830 ) was able to restore the miRNA-9b-directed repression in dGW182-depleted cells (Fig. 5, black bars) , while lacZ (a negative control) has practically no effect. Note that, as predicted from the tethering results, the longer fragment of dGW182 (Fig. 5, 1-830 ), which contains both Q-rich and Nterminal GW-rich domains, rescues repression more efficiently than the N-terminal effector domain alone (Fig. 5, 1-605) , and the full-length dGW182 rescues, in turn, more efficiently than the 1-830 dGW182 fragment. The Q-rich (Fig.  5, 605-830 ) and DUF-RRM (Fig. 5, 940-1215 ) fragments alone, without the N-terminal part, were not able to complement the deficiency of endogenous dGW182, indicating that interaction with Ago1 is required for the rescue. These results indicate that the N-terminal region of dGW182 constitutes a repressive domain, and that the Q-rich and C-terminal DUF/ RRM domains can also contribute to translational repression. These observations are consistent with the tethering results and argue that the repression domains we have mapped in dGW182 by tethering experiments also function in bona fide miRNA-mediated repression of mRNAs.
Interestingly, we also observed that overexpression of the dGW182 N-terminal fragments in the presence of endogenous dGW182 (Fig. 5 , open bars, GFP dsRNA-treated cells) partially prevented the miRNA-9b-induced repression. This result is consistent with the previously reported data (Eulalio et al. 2008b) , suggesting a dominant-negative effect of the overexpressed N-terminal fragment. However, it is also striking that depletion of the endogenous dGW182 allowed the 1-605 fragment to effectively function in the repression mediated by miRNA-9b (Fig. 5 , black bars, dGW182 dsRNA-treated cells). This latter result indicates that a full-length endogenous dGW182 acts in a dominant manner to affect the function of the 1-605 or 1-830 dGW182 fragments (see Discussion).
Similar regions within the human dGW182 homolog, TNRC6C, are sufficient to repress tethered mRNA in Drosophila cells Our analysis has identified three domains within dGW182 that can function to repress mRNA. Given the conservation of domain structure between human and Drosophila GW182 orthologs, we tested whether similar domains of TNRC6C, a human dGW182 homolog, are capable of repressing mRNA activity when tethered in Drosophila S2 cells.
We observed that tethering of the full-length TNRC6C protein leads to efficient repression (17% FLuc activity), demonstrating that the mechanisms of GW182-mediated repression are at least partially conserved between human and Drosophila. Furthermore, deletion analysis of the human protein shows that similar effector domains can also repress mRNA in Drosophila (Fig. 6) . The most efficient repressor domain of TNRC6C is its C-terminal region (1370-1690), comprising the conserved DUF and RRM domains, which provides down-regulation to z5% FLuc activity. These data are consistent with the TNRC6C mapping results obtained in human HEK293 cells (Zipprich et al. 2009 ) that identified the C-terminal region as the most effective in repression (more than 10-fold). The middle Q-rich domain (1080-1245) of TNRC6C is also able to repress protein synthesis in S2 cells, to z12% FLuc activity. Finally, the FIGURE 6. Human homolog of dGW182, TNRC6C, and its Q-rich and DUF-RRM regions are able to repress tethered mRNA in Drosophila S2 cells. The assay was performed essentially as in Figure  1 , with human protein TNRC6C and its deletion mutants tethered instead of dGW182. The N-terminal tethered fragment of TNRC6C (amino acids 1-1035) includes GW-rich repeats; the middle portion (amino acids 1080-1245) covers Q-rich region; the C-terminal part (amino acids 1370-1690) comprises conserved DUF and RRM. Full-length NHA-dGW182 was tethered as a positive control, NHA and NHA-lacZ as negative controls. (B) Expression levels of NHAfusion proteins were estimated by Western blotting with anti-HA antibody. (C) Summary of the repressive effects by TNRC6C, dGW182, and their deletions. The numbers show the percent translation in the presence of tethered full-length proteins, N-terminal, Q-rich, and C-terminal (DUF-RRM) fragments, accordingly. N-terminal portion of TNRC6C, containing GW-rich repeats (1-1035), is a weak repressor (68% FLuc activity). Interestingly, parallel analysis of dGW182 in mammalian cells (Zipprich et al. 2009) showed that the N-terminal domain of dGW182 is able to efficiently repress tethered message, but the Q-rich region is a weak repressor. These results argue that efficient repression by a Q-rich domain is dependent on some aspect of the miRNA machinery in Drosophila that is different in human cells. On the contrary, the repressive effect of the N-terminal domain is observed only for the Drosophila homolog in both fly and human cells, arguing that some structural features specific for the N-terminal part of dGW182 define its role in repression.
DISCUSSION dGW182 affects protein production upstream of effects on mRNA decay
Our results add additional support to the growing evidence that GW182 proteins decrease translation rates as well as promote mRNA degradation. Similar to earlier results (Eulalio et al. 2008b ), we also demonstrate that tethered full-length dGW182 or its repressive domains reduce protein production from mRNAs without a poly(A) tail (Fig.  3) , which indicates that the repressive effects of dGW182 are independent of deadenylation.
Multiple repressive domains of dGW182 and its implications
Our results demonstrate that no single region of dGW182 is required for mRNA repression, and we identify three independent domains of dGW182 that are sufficient for mRNA repression. We also observed that multiple repressive domains of TNRC6C could function in S2 cells (Fig.  6) . These results suggest that GW182 proteins across multiple species will contain redundant repressive domains with a conserved mode of function.
In principle, the different sufficiency domains of dGW182 could function in two manners. First, each sufficiency domain could interact with a different target protein or RNA that then impinges on mRNA function in a distinct and separable manner (Fig. 7A) . The key aspect of this model is that the dGW182 protein would affect multiple and different steps in protein production and/ or mRNA degradation. Alternatively, each domain of dGW182 could contribute to the assembly of a larger repression complex by recruitment of different factors into the larger assembly (Fig. 7B) . The key aspect of this second model is that assembly of a single repression complex represents a limiting step, which can be influenced by multiple different interactions between members of this complex and dGW182. It should be noted that this latter model provides a possible explanation for why endogenous full-length dGW182 inhibits the function of the 1-605 or 1-830 fragments to repress mRNA in response to miRNA9b (Fig. 5) . In this view, the full-length dGW182 would bind to the downstream repression complex more efficiently, and thereby prevent the miRNA-Ago1-dGW182(1-605) assembly from recruiting the repression complex to the mRNA.
Although we are not yet able to rigorously distinguish between these two general possibilities, the presence of multiple interacting domains has two important implications. First, it suggests that the downstream targets of dGW182 will be multiple proteins/RNAs. This might provide an explanation for why a genome-wide RNAi screen failed to turn up additional components of the miRNA silencing pathway (Eulalio et al. 2007) ; there is too much redundancy downstream from dGW182 protein. A second important implication of multiple sufficiency domains in dGW182 is that this allows for GW182 orthologs and paralogs to differ in their key repressive region. For example, according to a bioinformatics search, the Caenorhabditis elegans GW182 counterparts, AIN-1 and AIN-2 (Ding et al. 2005; Zhang et al. 2007 ), appear to be largely missing the RRM domain and presumably then would be expected to drive repression by other domains. This also implies that in certain cell types, different domains of GW182 will be more important, and that different GW182 paralogs will show different spectrum of repression in different cell types and in response to signaling pathways as it may change the rate-limiting interaction for assembly of the repressive complex.
Interestingly, deletion analysis of human ortholog TNRC6C in Drosophila S2 cells (this study) and, vice versa, dGW182 in mammalian cells (Zipprich et al. 2009) argues that repression by different domains may be either proteinor cell-specific. Thus, the N-terminal domain of dGW182 is a strong repressor in both fly and human cells, while the same region of TNRC6C is inefficient in repression in both cell types. This is likely to reflect different strengths of this repressive domain in the different GW182 family members. On the contrary, high repression levels by a Q-rich region, both from dGW182 and TNRC6C, are only achieved in Drosophila S2 but not human HEK293 cells, suggesting that this effect is dependent on some species-specific aspect of the miRNA repressive complex, i.e., that Drosophila cells may contain some partners of the Q-rich domain that are absent or limiting in human cells.
Function of RRM domain in repression
One of the key regions of dGW182 that can drive repression is the RRM domain and a conserved region just to the N-terminal side of this domain. The presence of the RRM domain in this region is intriguing and suggests two possible modes of function. First, it could be that the RRM domain interacts with an RNA target and thereby contributes to translation repression of the mRNA. For example, the RRM could bind the cap structure or the AUG region in the mRNA, thereby reducing translation initiation. Alternatively, the RRM could interact with an RNA involved in translation such as the initiator tRNA or the rRNA. In a second possibility, the RRM domain could normally function as part of the assembly of the miRNA repression complex on mRNAs to provide additional specificity and strength to the mi-RNA:mRNA interaction, which is supported by the observation that efficient repression of miRNA targets can require additional sequence information in the 39-UTR (Vella et al. 2004; Robins et al. 2005; Zhao et al. 2005; Hobert 2006, 2008; Grimson et al. 2007; Kertesz et al. 2007; Long et al. 2007) . In this second model, the RRM might also function in repression as a platform for the recruitment of additional protein factors that then inhibit mRNA function. This model is analogous to the function of Puf proteins, which form a helical shape with one surface providing sequence-specific RNA binding and a second surface providing for direct protein-protein interactions that recruit translational repressors or mRNA degradation factors to the mRNA (Goldstrohm et al. 2006) . One way of distinguishing these models is to make surface mutations on the RRM domain and ask if the predicted RNA-binding surface is required for repression when tethered, or if the opposite face contains critical interactions. This should distinguish the modes by which the RRM domain functions.
Function of Q-rich domain in repression
One possible role for the Q-rich domain is to interact with other QN-rich domains and to drive assembly of larger repression complexes. This is based on the role of QN-rich sequences in assembly of protein complexes (Decker et al. 2007 ). Given this, one possible way this domain might have functioned was to recruit endogenous dGW182, but this does not appear to be the case as repression by this domain is independent of endogenous dGW182. Alternative models might include this domain recruiting the Hedls/ Ge-1 protein, which has a QN-rich domain and is involved in miRNA-mediated repression (Eulalio et al. 2007 ).
MATERIALS AND METHODS

Cell culture, transfections, and RNA interference
Transfections of Drosophila S2 cells were performed in 12-well or 96-well plates with Cellfectin Reagent (Invitrogen) according to the manufacturer's instructions. In tethering experiments, per well of a 12-well plate, we transfected 40 ng of FLuc-boxB plasmid, 100 ng of RLuc as transfection control, and 400 ng of plasmid encoding for NHA-fusion protein as indicated in figure legends. In TNRC6C tethering experiments, the amounts of NHA-fusion plasmids varied between 10 ng and 1 mg to achieve similar expression levels. In experiments with miRNA reporter, transfection mixtures contained 40 ng of FLuc-nerfin reporter plasmid, 100 ng of RLuc as transfection control, and 100 ng of either empty vector or a plasmid encoding for miRNA-9b. For the 96-well format, the amounts of plasmids were adjusted proportionally. Cells were lysed on the second or third day post-transfection. Firefly and Renilla luciferase activities were measured with the Dual-Luciferase Reporter Assay System (Promega). RNAi experiments were performed according to Worby et al. (2001) . dsRNAs were 250-500 nt long and corresponded to the 39-UTRs of targeted genes, with the exception of no-target control GFP dsRNA that was specific to the GFP coding sequence. Treatment with dsRNA was done on day 0 and repeated on day 4. Cells were transfected on day 6 and lysed on day 8 or 9.
DNA constructs
FLuc-boxB, RLuc, and miRNA-9b constructs were previously described (Rehwinkel et al. 2005) . NHA-dGW182 plasmid is analogous to the lN-HA-GW182 construct described by BehmAnsmant et al. (2006) , but contains an SbfI site between the HAtag and dGW182 coding sequence inserted for the convenience of cloning. NHA-lacZ and plasmids encoding deletion mutants of dGW182 were generated by PCR amplification of the bgalactosidase-coding region or the corresponding fragment of the dGW182-coding region and cloning it into a pAC5.1A vector containing lN and HA-tag. The NHA-Ago1 F594V F629V (2F2V) plasmid was generated from the NHA-Ago1 construct (Rehwinkel et al. 2005 ) by site-directed mutagenesis. To generate the NHA plasmid, NHA-dGW182 was cut with SbfI and NotI, blunt-ended, and ligated. The HA-dGW182 plasmid was generated from NHAdGW182(940-1215) by cutting out the lN peptide region with KpnI and HindIII; in the resulting plasmid, the dGW182 940-1215 fragment was substituted with the full-length dGW182 using an SbfI-NotI digest. The FLuc-boxB-HSL construct was produced by mutating a polyadenylation site in FLuc-boxB and introducing a PCR-amplified fragment corresponding to the 39-UTR of the histone H1 stem-loop structure into the SacI and BamHI sites. To generate the FLuc-nerfin plasmid, the nerfin 39-UTR was PCRamplified using F-Luc-nerfin (Behm-Ansmant et al. 2006; Stark et al. 2005 ) as a template and cloned into NheI-XhoI sites of the FLuc-boxB plasmid to substitute the boxB-containing 39-UTR with the one specific to nerfin mRNA. To generate the plasmids for expression of NHA-TNRC6C and its deletion mutants in Drosophila cells, the coding region of TNRC6C and its fragments were PCR-amplified from a KIAA1582 cDNA clone and inserted into a pAC5.1A vector containing lN and HA-tag.
RNA analysis, Western blotting
The total RNA from S2 cells was isolated using Trizol LS Reagent (Invitrogen), and the levels of FLuc-boxB and RLuc mRNAs were analyzed by Northern blot. Briefly, RNA (10-20 mg) was separated on a denaturing formaldehyde agarose gel, transferred to Hybond-N + membrane (GE Healthcare Life Sciences), and hybridized to 32 P-labeled RNA probes in UltraHyb buffer (Ambion) according to the manufacturer's instructions. To estimate the expression levels of HA-fusion proteins, cell lysates were separated on a 4%-12% PAAG (Invitrogen), and the Western blot was probed using anti-HA antibodies (Roche 3F10). The amounts of loaded lysates were normalized according to expression of Renilla luciferase (transfection control). Quantification of expression levels in Northern and Western blots was done with ImageQuant software (Molecular Dynamics). The efficiency of Ago1 and dGW182 knockdowns was estimated by Western blotting with anti-Ago1 (Abcam ab5070) or anti-dGW182 (A.J. Simmonds) antibodies. For a loading control, membranes were probed with anti-tubulin antibodies (Sigma T5168).
SUPPLEMENTAL MATERIAL
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